Introduction
Inflammatory bowel disease (IBD) represents one of the major chronic disorders of the gastrointestinal tract in developed countries. The majority of patients are diagnosed with either ulcerative colitis (UC) or Crohn's disease (CD) and recent epidemiological studies suggest that the combined prevalence of these diseases may be as high as 0.5% of the general population. 1 Both diseases are associated with episodes of acute or chronic inflammation affecting either the large bowel alone (UC) or both the small and the large bowel (CD). 2 In CD, this intestinal inflammation is characterized by the presence of activated T-lymphocytes and macrophages, and disease pathogenesis is based on an inappropriate response to some commensal bacteria in a genetically susceptible host. 3 In UC, the inflammatory cell infiltrate is characterized by a large number of plasma cells secreting IgG, which by binding complement contributes to tissue damage and ongoing disease. 4 Within IBD, there is a subgroup of patients who develop primary sclerosing cholangitis (PSC), a chronic fibrosing liver disease characterized by progressive destruction of both intrahepatic and extrahepatic bile ducts by a combination of inflammation and fibrosis. 5 A majority of PSC patients have UC (60-100%), whereas a much smaller number of UC patients develop the liver disease (2.4-7.5%) in Caucasian populations. 6 Both diseases share certain autoimmune features including their close association with other autoimmune diseases and the presence of both an antineutrophil cytoplasmic antibody (ANCA) and antibody to tropomyosin. 7 Other studies on the mucosal immune system in UC patients have demonstrated large numbers of IgG plasma cells and elevated interleukin-5 (IL-5) levels, properties that support a humoral or T helper (Th)2 immune response. 8 The role of genetic susceptibility to CD has recently been strengthened by the successful identification of the NOD2 gene on chromosome 16 using linkage analysis and positional cloning. 9, 10 In contrast, genetic studies in UC and PSC have predominantly used an association approach and focused on the HLA region on chromosome 6 and on key immunoregulatory genes including tumour necrosis factor alpha (TNF-a). 11, 12 This may be in part due to a smaller number of affected sib-pairs in UC cohorts, a paucity of multiply affected PSC families, and the later age of presentation in PSC patients. Interest in the genetics of PSC has been recently rekindled by two association analyses investigating the relevance of the TNF-a and stromolysin genes in the development of this disease. 12, 13 While the association with the TNF2 allele was considered secondary to the known association with the A1-B8-DRB1*0301-DQA1*0501-DQB1*0201 haplotype, the association with the stromolysin gene was thought to be an independent one that may also influence disease progression. However, the patients in this second study were not HLA typed. 13 Recent interest in immunoregulatory genes has also focused on the chemokine family that are intimately involved in leucocyte trafficking and recruitment, and therefore are likely to play a crucial role in determining which cells migrate to the injured and/or inflamed bowel and liver.
14,15 Colonic epithelium shows upregulation of RANTES (regulated upon activation normal T-cell expressed and secreted), which is the natural ligand for the chemokine receptor CCR5. 16 During episodes of intestinal inflammation, CCR5 is upregulated on activated Th1-type intestinal lamina propria and intraepithelial lymphocytes as well as dendritic cells, supporting a role for this chemokine in lymphocyte recruitment to the gut. 17 CCR5 may also play a role in lymphocyte recruitment and immune responses within the liver. This receptor, together with CXCR3, is expressed at much higher levels on T cells isolated from the liver compared to the peripheral blood.
18
A 32-bp deletion in this gene (CCR5-D32 mutation) results in a nonfunctioning receptor that is trapped in the endoplasmic reticulum and therefore not expressed at the cell surface. 19, 20 The mutation is found in relatively high frequencies in the European population with an allele frequency of 10%. 21 CCR5 is a coreceptor for the M-tropic strain of human immunodeficiency virus (HIV) and as a result CCR5-D32 homozygotes are afforded complete immunity from this strain, while heterozygotes show resistance to infection and a delay in the onset of acquired immunodeficiency syndrome (AIDS) compared to the wild-type counterparts. [22] [23] [24] [25] In chronic inflammatory disorders, the CCR5-D32 mutation shows a negative association with rheumatoid arthritis, 26 which in turn is associated with a predominantly Th1 immune response. In patients with multiple sclerosis, the mutation is associated with a delayed age of onset of the disease and a lower risk of recurrent clinical disease activity. 27, 28 There have been six published papers on CCR5-D32 in IBD populations. One study found a significant association between CCR5-D32 homozygosity and perianal CD. 29 There were no associations with disease susceptibility or other clinical features of IBD, and none of these studies included PSC patients. [30] [31] [32] [33] [34] PSC patients have been included in two studies appearing in abstract form only. 35, 36 No association with CCR5-D32 was found in the first analysis, but a significant positive association was reported in the second abstract. 36 There are no phenotypic details given in either of these abstracts.
We have carried out a detailed analysis of the frequency of the CCR5-D32 mutation in an unselected series of IBD patients from the Brisbane IBD Research Group database at the Royal Brisbane Hospital (RBH) and a consecutive series of PSC patients from the IBD database (RBH and Mater Hospital) and the Queensland Liver Transplant Service (Princess Alexandra Hospital). The study has investigated the role of this mutation in disease susceptibility and in shaping the characteristics of both the intestinal and liver disease.
Results

Patient characteristics
Details of the major clinical characteristics of each patient group are given in Table 1 . There was complete clinical information for all patients with UC or CD and for 65/71 patients with PSC. Over half of the PSC patients had aggressive disease based on the need for liver transplantation (52%) and/or the presence of portal hypertension (59%). Patients with PSC were significantly older (mean age ¼ 51 years) than those with only UC (mean age ¼ 46 years) or CD (mean age ¼ 41 years) (P ¼ 0.02 and Po0.001, respectively). This was associated with a significantly longer duration of their underlying IBD CCR5-D32 and primary sclerosing cholangitis R Eri et al (21 years (PSC) vs 14 years (UC) vs 13 years (CD), P ¼ 0.0001 and Po0.0001, respectively). As expected, the majority of PSC patients had extensive colitis, 37-39 which was significantly more common in PSC-UC compared to UC alone (P ¼ 0.02). Need for immunosuppression was less common for PSC-IBD patients (P ¼ 0.02). Smoking behaviour was significantly different between patients with PSC and those with UC (P ¼ 0.0005) or CD (P ¼ 0.0004).
Allele frequencies and disease susceptibility
Genotyping for the CCR5-D32 mutation was successfully performed on all patients and controls. None of the patients and only two of the controls were homozygous for the mutated CCR5 gene, all other patients being either heterozygous or homozygous for the wild-type allele. There was no evidence of deviation from HardyWeinberg equilibrium (HWE) in patients (P40.05 for all patient subgroups) or in controls (P ¼ 0.93). Comparison of those carrying a mutation vs wild-type individuals did not show any significant differences in age of diagnosis, disease duration, sex or smoking status. Individuals heterozygous for the CCR5-D32 allele were significantly more common in the PSC group (35.2%) compared to controls (19.3%, OR 2.27, P ¼ 0.003, Table 2 ). Similarly, the frequency of the CCR5-D32 allele was greater in patients with PSC (17.6%) compared to controls (9.9%, P ¼ 0.007) and patients with IBD alone (11.3%, OR 1.9, P ¼ 0.027, Table 3 ).
Patients with PSC but without underlying IBD (n ¼ 10, mean disease duration 15.6 years) had a similarly elevated CCR5-D32 heterozygous genotype frequency (50%, Table 2 ) and allele frequency (25%, Table 3 ). Those with UC alone did not show any significant differences in CCR5 genotype (OR 1.37, P ¼ 0.15, Table 2 ) or CCR5-D32 allele frequency (P ¼ 0.23, Table 3 ) compared to controls. Complete HLA genotyping was available for the 37 PSC transplant patients. We therefore compared the HLA allelic distribution among CCR5 wild-type individuals vs those carrying a D32 mutation. Distinguishing wild-type and heterozygous subjects for CCR5 did not demonstrate any significant difference in the distribution of the known PSC susceptibility alleles, HLA
, between the two groups (data not shown).
The CCR5-D32 allele frequency was similar in CD patients (9.9%) to that found in controls (OR 1.16, P ¼ 0.59). Further subgroup analysis within the CD population, including age at diagnosis, disease behaviour including the presence or absence of perianal disease, need for immunosuppression and need for intestinal resection, did not reveal any association between the CCR5-D32 mutation and these characteristics (data not shown).
CCR5 genotype, CCR5-D32 allele frequency and disease characteristics This mutation was specifically associated with disease severity in PSC with CCR5-D32 heterozygotes more frequent in the severe group (45%, Table 2 ) compared to the rest (21%, OR 3.17, P ¼ 0.03). The CCR5-D32 allele frequency was similarly more common in this severe group (23%) compared to the other PSC patients (10.3%, P ¼ 0.06). Analysis of CCR5 genotype based on transplantation alone showed a very similar distribution, with D32 significantly over-represented in transplant cases (46%) compared to nontransplant cases (24%, OR 2.76, P ¼ 0.05). There were five patients with portal hypertension who did not undergo transplantation: two because of extensive cholangiocarcinoma and three because of age and significant comorbidities. These five patients were included in the severe group for all the above analyses. In all, 10 patients with PSC developed cholangiocarcinomas and their CCR5 genotype (40%, P ¼ 0.73) and CCR5-D32 allele frequency (20%, P ¼ 0.99) were similar to the PSC group as a whole.
The CCR5-D32 allele frequency in subtotal or total UC was 11.8%, which was not significantly different from those patients with distal disease (13.2%, P ¼ 0.71, Table 3 ) after adjusting for confounders. Thus, the higher frequency of CCR5-D32 in PSC-UC was not explained by disease extent. Nor was there a significant relationship between severity of UC (as defined by colectomy or immunosuppression) and the presence of the CCR5-D32 allele (P40.09). Similarly, there were no significant differences in the CCR5 genotypes carried by these subgroups of UC compared to controls. Patients with PSC had greater CCR5-D32 carriage rate than those with 
Discussion
Recent studies have confirmed the association between PSC and certain HLA haplotypes, as well as suggesting a role for polymorphisms within the matrix metalloproteinase family. 12, 13 This study provides evidence for an association between PSC and the chemokine receptor family, with a significantly increased frequency of CCR5-D32 heterozygotes (P ¼ 0.003) and a significantly higher CCR5-D32 allele frequency (P ¼ 0.007) in PSC patients compared to matched controls. CCR5-D32 was also significantly commoner in PSC compared to a large, unselected series of patients with IBD alone (P ¼ 0.027).
CCR5 represents a good candidate gene for patients with chronic liver disease in that it has an important role in the trafficking of activated mononuclear cells including CD4
þ and CD8 þ memory T-lymphocytes to sites of inflammation, by binding chemokines including MIP-1a (macrophage inflammatory protein-1a), MIP-1b and RANTES. 14, 15 Furthermore, CCR5 expression is preferentially associated with a Th1 subset of lymphocytes, which secrete proinflammatory cytokines including TNF-a and g-interferon.
40,41 Carriage of at least one mutated copy of the gene is associated with reduced CCR5 expression on the cell surface and may influence the strength and direction of the immune response in these individuals. 19 This has been confirmed in animal studies including the CCR5 knockout mouse that develops a Th2-driven response in preference to a Th1 response, to a range of inflammatory stimuli. 42 The data presented in this study support a role for the CCR5-D32 mutation in PSC disease susceptibility and disease severity.
The pathogenesis of PSC remains unknown. However, there are a number of studies that support a role for an aberrant immune response in the pathogenesis of the disease including the close association with organspecific autoimmune disorders, the presence of a number of autoantibodies in these patients and the significant link with HLA class I and class II genes. Importantly, the association between PSC and some of these immune disorders is significantly stronger than their association with UC or IBD alone. This includes the links with autoimmune disorders, 43 with anticolon antibodies 44 and with HLA-B8 and DR03. 45, 46 The potential confounding effect of HLA genotype on the association between CCR5-D32 and PSC was analysed in a subgroup of liver patients with severe disease and hence the strongest association with the mutation. No significant difference was found in the distribution of PSC-related HLA genotypes (HLA-B8, DR-2, DR-3 and DR-6) in CCR5-D32 heterozygotes compared to wild-type individuals.
The increased frequency of the CCR5-D32 allele that we have found in PSC patients compared to IBD alone or to controls may skew the immune response to recurrent or high levels of antigenic stimuli in the liver in a direction that favours chronic, recurrent inflammation over resolution of the inflammatory response. This may involve a switch to a Th2 response or some other mechanism. A murine model lacking CCR5 has provided a clue to the immune response associated with the CCR5-D32 allele. These CCR5-deficient animals showed a macrophage defect with significantly reduced levels of IL-1 and IL-6 compared to wild type, but normal levels of IL-10 and TNF-a. Further evidence for macrophage dysfunction was revealed by a significantly reduced hepatic clearance of Listeria infection again compared to wild-type mice. However, the CCR5-deficient mice showed increased humoral responses to T-cell-dependent antigenic challenge, a potentially interesting parallel to the humoral response in patients with PSC. 47 A 'physiological' inflammatory response already exists in the portal tracts of normal liver in the form of CCR5-positive lymphocytes. 18 Ligands for CCR5, including MIP-1a and MIP-1b, are constitutively expressed on portal vessels, thus allowing recruitment of CCR5-positive lymphocytes to these areas as part of an immunosurveillance role. This expression may be enhanced during the development of inflammatory liver diseases such as chronic hepatitis C and alcoholic hepatitis, 18, 48 and may also be increased in both acute and chronic liver allograft rejection. 49 The results of the current study suggest that the immunosurveillance role played by CCR5-positive lymphocytes may be compromised under special circumstances. These may include reduced CCR5 expression, a potential increase in antigenic load within the portal vein associated with colonic inflammation and the presence of other modifying genes that push the response towards inflammation and fibrosis rather than resolution.
In this study, controls were matched for age and ethnicity from a large, community-based twin registry. In addition, the control allele frequency was consistent with previous studies from Caucasian populations. 24 Importantly, the PSC cohort in this study was particularly well characterized. Relevant and detailed clinical information was available for over 90% of the patients and, specifically, the diagnosis of PSC was based on both radiological and histological records for all patients included in the study. The inclusion of a large cohort of both UC and CD patients in our study has also permitted investigation of the relationship between PSC and UC, and examination of the effects of the CCR5-D32 mutation on a Th1-mediated disorder, CD.
Carriage of the CCR5-D32 allele was greater for PSC compared to UC, and both were higher than controls. However, this only reached statistical significance for the PSC group and was specifically associated with severe liver disease indicated by the presence of portal hypertension or need for transplantation. This was further supported by the results of the phenotypegenotype analysis, with a higher CCR5-D32 carriage rate in severe PSC patients compared to the rest of this group (OR 3.17, P ¼ 0.03). Further analysis examining the effects of refractory or extensive UC with PSC did not demonstrate any significant association between the CCR5-D32 allele and the characteristics of the underlying IBD.
The strong association between CCR5-D32 and severe liver disease in PSC is further evidence to suggest that this disorder displays significant clinical and genetic heterogeneity. The results support recent clinical observations on the natural history of PSC and genetic studies that link certain HLA genotypes with severe, progressive disease. 50, 51 Importantly, our analysis of the PSC trans-plant population carrying a high rate of CCR5-D32 indicated that any association with this mutation was independent of the HLA. 51 Investigation of the CCR5-D32 mutation in other forms of chronic liver disease is limited to hepatitis C and patients who have undergone liver transplantation. [52] [53] [54] [55] In one of three studies on hepatitis C, the CCR5-D32 mutation was associated with significantly less portal inflammation but greater fibrosis, 52 while in the other two studies D32 was not associated with any specific outcomes in this population. 53, 54 In contrast, analysis of CCR5-D32 in 146 patients undergoing liver transplantation for multiple different indications demonstrated a significant association between D32 and development of ischaemic-type biliary lesions postoperatively. 55 The functional significance of the CCR5-D32 mutation has been extensively investigated both in homozygotes and heterozygotes, and in association with infectious disease and inflammatory disease outcomes. Heterozygotes demonstrate reduced CCR5 expression, which is thought to be almost exclusively related to gene dosage and not receptor sequestration. 22 Nevertheless, the novel association also raises the possibility of the CCR5 gene being in linkage disequilibrium with other gene(s). Despite this possibility, the CCR5 gene remains an attractive candidate gene for PSC in view of the wellcharacterized functional effects of the mutation and the role of the receptor in the immune response. Reduced CCR5 expression would reduce recruitment of lymphocytes and other mononuclear cells to the liver. Patients with progressive PSC may mount an inappropriate response to certain environmental pathogens either acquired from the peripheral blood or from the gut, which is aggravated by the presence of the CCR5-D32 mutation.
In summary, we have found a significant association between the CCR5-D32 mutation and PSC, but not with either UC or CD. The results do not support a significant association with UC extent or severity but do indicate that the mutation may influence PSC progression, with a significantly stronger association seen in patients with severe liver disease compared to those with mild disease.
Materials and methods
Patients and controls
In total, 162 patients with UC, 131 patients with CD and 71 patients with PSC were included in the study. The diagnosis of either UC or CD was based on standard clinical, radiological and histological criteria. 56 The diagnosis of PSC relied upon typical radiological and histological appearances with all patients included in the study having at least an ERCP (endoscopic retrograde cholangiopancreatogram) or MRCP (magnetic resonance cholangiopancreatogram) and a liver biopsy.
Disease severity in UC and CD was based on the need for immunosuppression to control the disease (at least 12 continuous months of azathioprine, 6-mercaptopurine, methotrexate or mycophenolate) or failure of medical therapy requiring intestinal resection. In the PSC group, patients were divided into those with portal hypertension and/or liver transplant (severe, progressive disease) or those without either of these parameters (mild disease). The presence of portal hypertension was based on the results of both gastroscopy and abdominal contrast CT scan.
Patients with UC or CD were recruited from the Brisbane IBD database as a consecutive series. The database records the details of patients with IBD seen at the major public hospitals within Brisbane as part of a clinical research initiative. PSC patients were similarly recruited from this database and from the Queensland liver transplant service. Nontransplant patients were either from within Brisbane or referred from smaller units within Queensland to the RBH and Mater hospitals, as tertiary institutions. Transplant patients were similarly referred from within Brisbane and Queensland, with a smaller number from New Zealand. All patients included in the study were Caucasian.
In total, 419 healthy controls were obtained from samples of the Australian twin registry collected for other purposes. Only one twin from each monozygotic pair was randomly selected for the control sample and the twins were unselected for any disease phenotype. They were matched on age and ethnicity with all PSC patients and a subset of the UC and CD patients. Ethical approval was obtained from the research ethics committee of the hospital (RBH) and from the research institute where the genotyping was performed (Queensland Institute of Medical Research).
DNA extraction
Genomic DNA was extracted from EDTA-preserved whole blood using a salting out technique 57 for all IBD and 50 PSC cases. DNA was extracted from formalinfixed, paraffin-embedded tissue sections from the remaining 21 PSC patients using a previously described technique. 58 Genotyping Genomic DNA (100 ng per polymerase chain reaction (PCR)) from each individual was amplified by an allelespecific PCR technique in a total volume of 21 ml, in buffer containing 100 mM Tris-Cl, pH 8.8, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTPs, 1 U Taq polymerase and 12.5 pmol of each primer. The primer sequences were as follows: sense, ATCACTTGGGTGGTGG CTGTGTTTGCGT CTC; antisense, AGTAGCAGAT GACCATGACAAGCAGCGGCAG, corresponding to bases 505-535 and 667-697, respectively, of the published sequence. 59 Cycling conditions were as follows: 941C for 5 min, followed by 30 cycles of 941C, 30 s; 701C, 30 s with a 1 s increment per cycle, using an MJ research thermal cycler. The polymorphism was detected following electrophoresis of the products in 10% polyacrylamide gels, staining with ethidium bromide and visualization on a UV transilluminator. Allele sizes were 193 bp for normal and 161 bp for the deletion allele.
All samples were genotyped for the mutation on two separate occasions and there was complete concordance for the two sets of results when analysed by two independent observers (RE and GR-S) who were blinded to the clinical status of the patients at the time of gel analysis. In addition to the CCR5 genotyping, HLA genotypes were available for all the transplanted patients (n ¼ 37).
Statistical analysis HWE was assessed for patients and controls by comparing the observed numbers of different genotypes with those expected under HWE for the estimated allele frequency and by comparing Pearson's goodness-ofstatistic with a w 2 distribution with one degree of freedom. The crude associations between CCR5 mutation status and patient characteristics were assessed using the Pearson's w 2 statistic, along with the relevant odds ratios (and 95% confidence intervals) to quantify the size of association. Logistic regression analysis was also conducted to assess the significance of the associations between patient factors and CCR5 mutations, after adjusting for the potential confounding by age, duration of disease, location and smoking status. Odds ratios were calculated to estimate the relative risk of a particular disease class in those people who were carriers of a mutated CCR5 allele.
